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Abstract 18 
Knowledge of mass transport mechanisms in biofilm-based technologies such as biofilters is 19 
essential to improve bioreactors performance by preventing mass transport limitation. External 20 
and internal mass transport in biofilms was characterized in heterotrophic biofilms grown on a 21 
flat plate bioreactor. Mass transport resistance through the liquid-biofilm interphase and 22 
diffusion within biofilms were quantified by in situ measurements using microsensors with a 23 
high spatial resolution (<50 µm). Experimental conditions were selected using a mathematical 24 
procedure based on the Fisher Information Matrix to increase the reliability of experimental data 25 
and minimize confidence intervals of estimated mass transport coefficients. The sensitivity of 26 
external and internal mass transport resistances to flow conditions within the range of typical 27 
fluid velocities over biofilms (Reynolds numbers between 0.5 and 7) was assessed. Estimated 28 
external mass transfer coefficients at different liquid phase flow velocities showed discrepancies 29 
with studies considering laminar conditions in the diffusive boundary layer near the liquid-30 
biofilm interphase. The correlation of effective diffusivity with flow velocities showed that the 31 
heterogeneous structure of biofilms defines the transport mechanisms inside biofilms. Internal 32 
mass transport was driven by diffusion through cell clusters and aggregates at Re below 2.8. 33 
Conversely, mass transport was driven by advection within pores, voids and water channels at 34 
Re above 5.6. Between both flow velocities, mass transport occurred by a combination of 35 
advection and diffusion. Effective diffusivities estimated at different biofilm densities showed a 36 
linear increase of mass transport resistance due to a porosity decrease up to biofilm densities of 37 
50 g VSS·L
-1
. Mass transport was strongly limited at higher biofilm densities. Internal mass 38 
transport results were used to propose an empirical correlation to assess the effective diffusivity 39 
within biofilms considering the influence of hydrodynamics and biofilm density. 40 
Keywords: dissolved oxygen microsensors, biofilm profiling, mass transfer resistance, 41 
effective diffusivity, mass transport modelling. 42 
Nomenclature 43 





Atransfer  interfacial area of the monitored system (m
2
) 45 
CDO,b  DO concentration inside the biofilm (mg·L
-1
) 46 
CDO,B  DO concentration on biofilm surface (mg·L
-1
) 47 
CDO,B (t=0) initial DO concentration on biofilm surface (mg·L
-1
) 48 
CDO,L  DO concentration inside the liquid boundary layer (mg·L
-1
) 49 
CDO,L (i)  DO concentration in the liquid phase at the inlet of a FPB section (mg·L
-1
) 50 
CDO,L (inlet) DO concentration in the liquid phase at the inlet of the FPB (mg·L
-1
) 51 
CDO,L (o)  DO concentration in the liquid phase at the outlet of a FPB section (mg·L
-1
) 52 
CDO,L (t=0) initial DO concentration in the liquid boundary layer (mg·L
-1
) 53 










Dr   dimensionless effective diffusivity (-) 56 
F  objective function in optimization procedure for parameters estimation 57 
kL  external mass transfer coefficient (m·s
-1
) 58 
Lc  boundary layer thickness (m) 59 
n  number of experimental measurements 60 





Re  Reynolds number 62 
Sc   Schmidt number 63 
Sh  Sherwood number 64 
t  time (s) 65 
texp  monitoring time (s) 66 
VL  liquid phase volume (m) 67 
νsampling  sampling frequency (s
-1
) 68 
Xb   biofilm density (g VSS·L
-1
)  69 
yθ,i  simulated oxygen concentration in optimization procedure (mg·L
-1
) 70 




z  biofilm depth (m) 73 
zprofile  depth of DO profile (µm) 74 
∆zprofile  distance between monitoring points (µm) 75 
1. Introduction  76 
Biofilters and biotrickling filters are the most important biofilm-based reactors for air pollution 77 
control. However, the limited knowledge about biofilms performance due to large technical 78 
limitations in biofilms monitoring, mainly due to their reduced size (ranging from few microns 79 
to few millimeters), has led to often assume large model simplifications in biofiltration 80 
modeling (Beyenal and Lewandowski, 2005). Characterization of mass transport and biological 81 
reactions within biofilms is essential to improve biofilms models and therefore, our ability to 82 
design and operate biofilm reactors. 83 
Two main phenomena are considered when modeling biofilms performance (Bishop et al., 84 
1995; C. Picioreanu et al., 2000): (1) pollutants and substrates transport at the liquid-biofilm 85 
interphase (external mass transport) and within biofilms (internal mass transport) and (2) the 86 
biodegradation of pollutants in the biofilm. Literature is abundant in assessing biokinetic 87 
parameters, which are usually adapted from suspended cultures studies for further biofilm 88 
modeling (Bonilla-Blancas et al., 2015; Hille et al., 2009; Mannucci et al., 2012) despite this 89 
approach is somehow questionable due to physiological differences between attached and 90 
suspended growth systems (Yurt et al., 2003). Oppositely, literature is scarce in the 91 
characterization of external and internal mass transport in biofilm modelling. External mass 92 
transport resistance is often modeled through mass transfer coefficients (Horn and Hempel, 93 
1997) usually calculated as a function of hydrodynamic conditions in the reactor (Piccioreanu et 94 
al. 2000). Different works have studied external mass transport resistance in the liquid boundary 95 
layer from experimental measurements with microsensors (Horn and Hempel, 1995; Wäsche et 96 
al., 2002; Zhang and Bishop, 1995). However, these measurements only provided limited 97 
information of external mass transport resistance since did not considered diffusive and 98 
convective phenomena within the boundary layer as suggested by different authors (Beyenal 99 
and Lewandowski, 2000; Wäsche et al., 2002). On the other hand, internal mass transport in 100 
biofilm systems is commonly addressed by diffusive mechanisms following Fick’s law 101 
(Stewart, 2003). 102 
Effective diffusivities within biofilms are highly influenced by biofilms structure and 103 
heterogeneity. Some works have considered the effect of biofilms heterogeneity in effective 104 
diffusivity correlations through the use of different structural macroscopic parameters such as 105 
biofilm density, porosity and tortuosity. Although the use of these correlations for effective 106 
diffusivity is sometimes used in biofiltration models, its reliability is under suspect. Most of 107 
these researches were based on theoretical models (Zhang and Bishop, 1994) or important 108 
theoretical assumptions (Hinson and Kocher, 1996). Oppositely, several works have shown the 109 
high performance of microsensors measurements for the quantification of effective diffusivity 110 
within biofilms (Beuling et al., 1999; Fu et al., 1994; Hille et al., 2009; Ning et al., 2012). 111 
However, the reliability of these studies is compromised since empirical correlations for 112 
effective diffusivity estimation within biofilms were developed combining experimental 113 
estimates inside biofilms showing dry mass densities between 10 and 65 g·L
-1
, and sludge 114 
granules, with dry mass densities above 100 g·L
-1
. 115 
The confidence intervals of mass transport parameters are not commonly determined. However, 116 
the assessment of confidence intervals is as important as the estimation of the parameter. A 117 
mathematical method based on the Fisher Information Matrix (FIM) is a proven procedure that 118 
accurately provides confidence intervals of estimated parameters. FIM method is based on the 119 
calculation of the covariance inverse matrix and is directly associated to the uncertainty of 120 
estimated parameters and the quality and quantity of experimental data. In addition, the FIM 121 
method can be adapted for optimal experiment design (Dochain and Vanrolleghem, 2001), thus 122 
the reliability of mass transport parameters can be enhanced due to the selection of optimal 123 
experimental conditions during the design of the experiments. 124 
The goal of this work was to take advantage of the high resolution of microsensors 125 
measurements (10 µm) to experimentally quantify external and internal mass transport 126 
resistance. Oxygenation profiles were recorded using a dissolved oxygen (DO) microsensor 127 
specially designed for biofilms profiling (Moya et al., 2014). Oxygenation data were used to 128 
develop methodologies for mass transport parameters estimation to further investigate the 129 
influence of hydrodynamic conditions and biofilm density on external and internal mass 130 
transport. Reliability of estimated parameters was increased by selecting the optimal 131 
experimental conditions, evaluating the parameter sensitivities and the quality of estimated 132 
parameters (confidence intervals). 133 
2. Materials and Methods  134 
2.1 Development of an heterotrophic biofilm 135 
Mass transport phenomena were studied in a heterotrophic biofilm grown in a flat plate 136 
bioreactor (FPB), shown in figure 1. The reactor consisted of an open channel, manufactured in 137 
methacrylate (PMMA), 20 cm in length, 3.5 cm in width, and 1.3 cm in depth. The wall effect 138 
in the open channel was assessed in modeling studies (Prades et al., 2015) concluding that this 139 
effect could be neglected in laminar flow conditions. The reactor setup included two tanks of 40 140 
mL (depicted in figure 1), at the inlet and the outlet of the open channel, to control the thickness 141 
of the liquid film over the biofilm. The FPB was fed with the nutrient solution (mineral medium 142 
containing 13 g·L
-1 
of glucose as carbon source) using a peristaltic pump (MCP Standard, 143 
Ismatec, Germany). The liquid phase was recirculated through the reactor using a second 144 
peristaltic pump (Miniplus 3, Gilson, France). A mixing chamber was placed in the recirculation 145 
line to manually adjust the DO concentration in the liquid phase by bubbling air-N2 mixtures. 146 
More details about reactor setup can be found in Guimerà et al. (2014) 147 
The reactor was sterilized as described in Guimerà et al. (2014) and later seeded with 40 ml of a 148 
sludge obtained from a wastewater treatment pilot plant for biological phosphorous removal 149 
(Guerrero et al., 2011). The inoculated heterotrophic bacteria consortium, enriched with 150 
polyphosphate-accumulating bacteria, had a cells concentration of 4 g·L
-1
 of volatile suspended 151 
solids (VSS). The remaining volume (110 mL) was filled with mineral medium, which 152 
composition is detailed in Dorado et al. (2012). The reactor was operated in batch mode at a low 153 
recirculation velocity (2.5 m·h
-1
) for 24-48 hours to promote bacteria immobilization on the 154 
reactor plate. Then, reactor operation was switched to continuous mode until a steady biofilm 155 
thickness was visually observed, which occurred after around 10 days. The hydraulic residence 156 
time (defined by the ratio between liquid phase volume and feed flowrate) and the liquid phase 157 
velocity (defined by the ratio between recirculation flowrate and liquid phase section) were set 158 
at 8 h and 10 m·h
-1
 respectively, to reproduce typical growth conditions of biomass in 159 
biotrickling filters (Devinny et al., 1999). The reactor was kept at room temperature (between 160 
20ºC and 25ºC) and without artificial illumination during biofilm growth and along the 161 
experimental period. 162 
The glucose content in the liquid phase was periodically measured along the reactor using a 163 
refractometer (Refracto 30GS, Mettler-Toledo, Switzerland) to check that microbial growth was 164 
not limited by the carbon source. The pH in the liquid phase was also measured and manually 165 
adjusted to pH 7 by adding either 0.1 M HCl or NaOH solutions. The density profile observed 166 
along the reactor length, was assessed by protein analysis (Bradford, 1976) of small biofilm 167 
samples (0.1 ml). Protein analysis was selected for biofilm density measurement since it showed 168 
a good correlation with VSS concentration (section S1 of the Supplementary Material). 169 
Previous to effective diffusivity estimation experiments,, biofilm was deactivated by 170 
recirculating a NaN3 solution (0.2 g·L
-1
) during 1 hour in order to prevent biological activity 171 
while maintaining diffusion features through biofilms (Horn and Morgenroth, 2006). 172 
 173 
2.2 Experimental measurements 174 
2.2.1 Microsensors 175 
External and internal mass transport were characterized in biofilms through different DO 176 
measurements using microsensors. DO measurements used in the quantification of external 177 
mass transfer resistance were performed with a commercial Clark-type microsensor (OXI-25, 178 
Unisense, Denmark). The microsensors, connected to a 4-channel amplifier (Microsensor 179 
Multimeter, Unisense, Denmark), were moved through a reactor section in 50 µm steps by 180 
means of a micromanipulator (MM33-2, Unisense, Denmark). DO profiles were recorded using 181 
a data acquisition software (Sensor Trace Basic, Unisense, Denmark). Two-point calibrations 182 
were performed prior to profiles recording. 183 
On the other hand, effective diffusivities within biofilms were experimentally quantified from 184 
DO profiles recorded using a DO microsensor based on microfabrication technology as 185 
described elsewhere (Moya et al., 2014). This sensor consisted of an array of eleven gold-disk 186 
working electrodes and a rectangular gold counter electrode (CE), mounted on a minimally 187 
invasive microfabricated needle. Detailed information of design characteristics are detailed in 188 
section S2 of the Supplementary Material. The array of microelectrodes was designed to be 189 
inserted vertically inside a biofilm, allowing the simultaneous monitoring of DO concentration 190 
at different biofilm depths. The DO was monitored using an external reference electrode (RE) 191 
(REF321, Radiometer analytical, France). The electrodes were simultaneously calibrated before 192 
profile recordings using a two-point calibration procedure. Microelectrodes were polarized at an 193 
oxygen reduction potential of -850 mV using an 8-channel potentiostat (1010C, CH-194 
Instruments, USA). Generated reduction currents were used to quantify the DO concentration. 195 
2.2.2. Microsensors measurements 196 
Mass transport resistances were estimated through deactivated biofilms grown in the FPB by 197 
assessing the evolution of the DO concentration in the liquid boundary layer, the biofilm surface 198 
and inside the biofilm. Mass transport resistances were estimated through deactivated biofilms 199 
grown in the FPB by assessing the evolution of the DO concentration in the liquid boundary 200 
layer, the biofilm surface and inside the biofilm. The depth within a biofilm section of the 201 
boundary layer liquid side and of the biofilm surface were determined from a DO profile 202 
recorded from the liquid phase to the deeper part of the biofilm (figure 2). The DO microprofile 203 
was interpreted according to Wäsche et al., (2002). The linear section at the beginning of the 204 
recorded profile was assumed to belong to the completely mixed bulk phase. On the other side, 205 
the nearly vertical section of the profile belonged to the biofilm. The boundary layer is defined 206 
as the depth between both linear sections; the first point is defined as the liquid side boundary 207 
layer and the second one as the biofilm surface. The experimental procedure followed during 208 
oxygenation profiles recording is presented below. 209 
First, the bioreactor was deoxygenated by bubbling N2 in the mixing chamber. Once the desired 210 
DO concentration was reached, which was set according to the results of the experimental 211 
design, N2 bubbling was switched to air sparging. DO was simultaneously monitored at the 212 
points of interest during the re-aeration phase. Experiments for external mass transport 213 
coefficients estimation were performed positioning two Clark-type microsensors in the 214 
boundary layer liquid side and on the biofilm surface and recording the DO evolution at these 215 
points during the re-aireation procedure. On the other hand, effective diffusivities were 216 
quantified inserting the microfabricated DO microsensor inside biofilms. An array of 8 217 
microelectrodes (according to the data acquisition system capacity) was positioned from the 218 
biofilm surface inwards. Then, the evolution of the DO concentration at 8 different depths 219 
inside the biofilm, separated by 50 µm, was simultaneously recorded during the re-aireation 220 
procedure. 221 
2.3. Biofilm modeling 222 
External and internal mass transports through biofilms were modeled to quantify mass transport 223 
resistances using microsensors measurements.  224 
2.3.1. External mass transport 225 
Biofilms surface were assumed to be separated from the bulk liquid phase by a laminar layer in 226 
which external mass transfer resistance occurred. Therefore, film theory was applied to describe 227 
the mass flux towards the interphase using an external mass transfer coefficient. Oxygen 228 
evolution in the liquid side of the boundary layer and on the biofilm surface, of a biofilm 229 
section, was modeled using an external mass transfer coefficient, as shown in equation (1) and 230 
equation (2) respectively. 231 
 232 
















  (2) 234 
Where CDO is the DO concentration (mg·L
-1
), t is time (s), VL is the volume of the liquid phase 235 
in a reactor section (m
3




), kL is the liquid side mass 236 
transfer coefficient across the boundary layer (m·s
-1
), Atransfer is the transfer area of the reactor 237 
section (m
2




), the subscripts L and B refer to the 238 
bulk liquid and biofilm surface, and subscripts (i) and (o) refer to the inlet and the outlet of the 239 
reactor section. Oxygen transfer across the liquid surface was neglected. This assumption was 240 








) observed in preliminary studies (data 241 
not shown). The specific mass transfer area in a reactor section was defined as the ratio between 242 
biofilm transfer area (Atrans) and the volume (VL) of the reactor section. 243 
In film theory, a diffusive transport within the boundary layer is assumed. Using this 244 
assumption, and considering the boundary layer thickness uniform along the biofilm, equation 245 
(3) (Reiss and Hanratty, 1963) has been typically used to estimate mass transfer coefficient from 246 
boundary layer thickness measurement using microsensors (Horn and Hempel, 1995; Wäsche et 247 
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), and Lc is the boundary 250 
layer thickness (m). The main drawback of this approach is that the effect of boundary layer 251 
irregularities (caused by biofilm surface roughness (C. Picioreanu et al., 2000) on external mass 252 
transport is neglected. 253 
2.3.2. Internal mass transport 254 
Biofilms are commonly described as a heterogeneous phase comprising a matrix of bacteria and 255 
extracellular polymeric substances and a large amount of water within matrix voids (Hinson and 256 
Kocher, 1996). Consequently, solute transport within biofilms is the result of diffusion through 257 
the denser aggregates and convective transport through the pores and water channels (De Beer 258 
et al., 1994a; Horn and Morgenroth, 2006; Picioreanu et al., 2000). However, internal mass 259 
transport can be described considering biofilms as a homogeneous phase in which mass 260 
transport is driven by diffusion while including the influence of biofilm heterogeneity in the 261 
effective diffusivity (Stewart, 1998). Therefore, reliable estimates of effective effective 262 
diffusivities within biofilms are required to ensure models consistency. In this work, mass 263 
transport was described using a non-steady-state diffusion model (Fick’s second law) as shown 264 














   (4) 266 
Where CDO,b is the DO concentration inside the biofilm (mg·L
-1
), t is time (s), z is the biofilm 267 




), which depends on biofilm 268 
heterogeneity. 269 
2.4. Mass transport coefficients estimation 270 
The external mass transfer coefficient and effective diffusivities were estimated using an 271 
optimization procedure. The differential equations (1), (2) and (4) were solved using a variable 272 
step Runge-Kutta method and a numerical method for boundary value problems of ordinary 273 
differential equations, respectively. Parameters were estimated by curve-fitting of model 274 
estimates to experimental data using a Nelder-Mead simplex algorithm (unconstrained non-275 
linear optimization). To this aim, the DO concentrations measured with microsensors and 276 









,exp,    (5) 279 
Where F is the objective function to minimize, n is the number of experimental measurements, 280 
yθ,i is the simulated oxygen concentration (mg·L
-1
) and yexp,i is the experimentally measured 281 
oxygen concentration (mg·L
-1
). The described simulation and minimization procedures resulting 282 
in parameters optimization was carried out in Matlab R2013a. 283 
2.4.1. Confidence Intervals 284 
In the present study the confidence intervals of the estimated mass transport parameters were 285 
assessed through the Fisher Information Matrix (FIM) following the procedure described in 286 
Dorado et al., (2008), which is based on previous works (Guisasola et al., 2006). Considering 287 
white noise in DO measurements and a reliable model, the increase of the FIM provides the 288 
lower bound of the parameters estimation covariance matrix, which can be used to quantify the 289 
uncertainity of the optimized parameters. 290 
2.4.2. Optimal experimental design for parameters estimation 291 
Optimal experimental design (OED) was based on selecting the optimal experimental conditions 292 
to obtain an accurate estimation of model parameters. The influence of data obtained in these 293 
experiments on estimates accuracy was assessed. 294 
According to experimental measurements available, DO at different locations along the reactor 295 
were selected as output variables. Therefore, the OED was reduced to study the effect on the 296 
estimates precision of the input variables (initial conditions) and the sampling conditions. 297 
The variables considered in the OED for external mass transfer coefficients estimation were the 298 
DO concentration in the liquid phase at the inlet of the FPB (CDO,L (inlet)), the initial DO 299 
concentration in the liquid boundary layer (CDO,L (t=0)) and biofilm surface (CDO,B (t=0)), the 300 
sampling frequency (νsampling), the monitoring time (texp), and the interfacial area of the 301 
monitored system (Atransfer). On the other hand, the experimental variables selected in the OED 302 
to assess the effective diffusivity were CDO,L (inlet), CDO,B (t=0), νsampling, texp, the depth along the DO 303 
profile (zprofile) and the distance between monitoring points (∆zprofile). 304 
Equations (1) and (4) were used to obtain model estimations in a battery of experimental 305 
conditions according to Table 1. In this procedure, the FIM method was included in models to 306 
estimate the confidence intervals of mass transport parameters. The confidence intervals served 307 
to determine the uncertainty of model parameters by means of the uncertainty percentage (% 308 




Table 1. Variables scrutinized in the OED of both the external mass transfer coefficient and the 313 
effective diffusivity. 314 






-1] 6 8.5 
CDO,L (t=0) [mg·L
-1] 4 7 
CDO,B (t=0) [mg·L
-1] 1 4 
Atransfer [m
2] 2·10-3 7·10-3 
νsampling [s
-1] 1 0.1 







-1] 4 8 
CDO,B (t=0) [mg·L
-1] 0 2.5 
∆zprofile [µm] 25 100 
Zprofile [cm] 0.1 0.2 
νsampling [s
-1] 1 0.1 
texp [s] 100 1800 
 315 
3. Results  316 
3.1 Optimal experiment design for parameter estimation 317 
The OED to estimate model parameters was performed evaluating the estimation accuracy 318 
under different experimental scenarios. Figure 3 shows the OED results for the external mass 319 
transfer coefficient estimation. The evolution of parameters uncertainty is plotted against the 320 
value of the selected variables. Results revealed that the control of the initial DO concentration 321 
in the liquid interphase (figure 3b) and the transfer area (figure 3d) were not critical to reduce 322 
results uncertainty. Results indicate that the accuracy on kL estimation could be enhanced by 323 
stopping the deoxygenation when the DO concentration at the biofilm surface was below 2 324 
mg·L
-1
 (figure 3c) and re-aerating until a DO concentration in the liquid phase above 6 mg·L
-1
 325 
(figure 3a). These results also highlighted that oxygenation profiles should be recorded during at 326 
least 500 s (figure 3f) using a sampling frequency of 1 s
-1
 (figure 3e). 327 
 328 
The experimental conditions under which internal mass transport coefficients were estimated 329 
were also assessed (figure 4). The OED results showed that the control of all selected input 330 
variables was critical for minimizing the uncertainty of resulting parameters in the estimation of 331 
the effective diffusivity. Thus, recording of oxygenation profiles started when the DO 332 
concentration on biofilm surface was below 2 mg·L
-1
 (figure 4b), and the system was 333 
oxygenated until a DO concentration in the liquid phase above 7 mg·L
-1
 was reached (figure 334 
4a). In addition, the resulting oxygenation profiles were recorded for at least 500 s (figure 3f) 335 
with a sampling frequency of 1 s
-1
 (figure 4e). Results (figure 4c and figure 4d) also allowed 336 
selecting the optimal sensor configuration from three available designs. The first design of the 337 
microsensor, allowing monitoring of 1 mm depth biofilm at 50 µm intervals, was selected. 338 
Additional information of the microsensor configuration can be found in table S1 339 
(supplementary information). 340 
 341 
3.2 External mass transport characterization 342 
Mass transport resistance in the liquid boundary layer was experimentally quantified 343 
considering boundary layer irregularities. With this aim, the oxygen flux towards the liquid-344 
biofilm interphase was monitored by measuring oxygen profiles at both sides of the boundary 345 
layer (spatial resolution of 50 µm). The location of the sensors in the FPB was selected based on 346 
previous measurements that ensured accomplishing the OED criteria, and corresponded to the 347 
center of the open channel (reactor). Simulated and experimental oxygenation profiles located in 348 
the middle of the FPB are shown in figure 5a. Simulated profiles in the liquid boundary layer 349 
and on the biofilm surface showed a good agreement with recorded profiles, confirmed by the 350 
normalized root mean square error (NRMSE) (4.55% for DO profiles in the liquid boundary 351 
layer and 9.22% for DO profiles on biofilm surface). Results shown in figure 5a revealed a fast 352 
oxygenation of the liquid phase from the beginning of the recording period. The initial DO (7.6 353 
mg·L
-1
) was close to saturation conditions and only increased 1 mg·L
-1
 during the overall 354 
period. On the other hand, the resistance to oxygen transport across the boundary layer clearly 355 
determined the oxygen concentration evolution at the biofilm surface. In this sense, the initial 356 
concentration at the boundary layer was 1.6 mg·L
-1
 while a slow but extensive oxygenation up 357 
to 7 mg·L
-1
 was observed. Each profile was used to estimate a single mass transfer coefficient 358 
towards the liquid interphase (kL). 359 
Influence of hydrodynamic conditions on the external mass transfer coefficient was assessed by 360 
repeating the procedure at liquid velocities between 2.5 m·h
-1
 and 25 m·h
-1 
, which corresponded 361 
to a range of laminar Re numbers between 0.5 and 7 (figure 5b). Results show the effect of flow 362 
conditions on mass transfer resistance. As can be observed, mass transfer resistance between the 363 
liquid phase and the biofilm surface decreased with the increase of liquid velocity. This trend is 364 
in agreement with previous works (Horn and Hempel, 1997; Prades et al., 2015; Wäsche et al., 365 
2002; Zhang and Bishop, 1995) that described a  reduction of the thickness of the stagnant 366 
liquid layer at increasing liquid phase velocities (Zhang and Bishop, 1995). In consequence, 367 
mass transfer rate is enhanced. 368 
Despite few authors (Picioreanu et al., 2000; Zhang and Bishop, 1995) focused their studies on 369 
experimental systems and operating conditions close to those used in the current work, results 370 
were compared with empirical and theoretical correlations in order to advance in the 371 
understanding of the mechanisms involved in mass transfer resistance between the fluid and the 372 
biofilm phases. In this regard, a careful comparison was required since it is known that mass 373 
transfer resistance depends on the hydrodynamics, the geometry of the enclosed conduit and the 374 
physical properties of the fluid. Experimental mass transfer coefficients found in literature are 375 
mainly calculated from Lc measurements only considering diffusion within the boundary layer. 376 
Zhang and Bishop (1995) results showed a good agreement with theoretical models developed 377 
using the Blasius solution under laminar flow conditions, equation (6), but provided poor 378 
estimates of experimental kL as shown in figure 5b. 379 
33.05.0Re369.0 ScSh   (6) 380 
Where Sc is the Schmidt number, related to the physical properties of the fluid. The deviation of 381 
the laminar trend described by equation (6) with respect to the experimental results revealed that 382 
a thorough analysis was required. Such discrepancy was explained by the effect of the biofilm 383 
surface roughness on mass transfer mechanisms. Some authors considered this surface effect 384 
(Beyenal and Lewandowski, 2000; C. Picioreanu et al., 2000; Wäsche et al., 2002), concluding 385 
that due to the combination of several mass transfer mechanisms within the boundary layer, the 386 
linear approach, shown in equation (3), is not close to reality.  Therefore, laminar models 387 
considering a Blasius boundary layer presented some reliability problems to describe mass 388 
transfer through liquid-biofilm interphases. The dynamic oxygenation procedure used herein 389 
allowed including all mass transfer mechanisms in the external mass transfer coefficient. Data 390 
obtained herein was used to propose a Sh-Re correlation based, in equation (7), that provided a 391 
reliable, overall, mass transfer description (figure 5b). As reported in Picioreanu et al. (2000) the 392 
turbulences within the boundary layer resulted in the increase of the Re exponent, in this case 393 
close to those values found for turbulent models (Horn and Lackner, 2014). 394 
33.08.0Re239.0 ScSh   (7) 395 
Physical properties of the fluid used in dimensionless numbers calculation describing equation 396 
(6) and equation (7) are detailed in section S5 of Supplementary Material (Table S3). 397 
 398 
3.3 Internal mass transport characterization 399 
Internal mass transport was characterized within biofilms grown in the FPB by the simultaneous 400 
recording of dynamic oxygenation profiles at different depths inside biofilms using the DO-401 
MEA microsensor. The location of the sensors in the FPB was also selected based on previous 402 
measurements (not shown) that ensured accomplishing the OED criteria Experimental DO 403 
profiles served to estimate an average effective diffusivity by curve-fitting of equation (4) to 404 
experimental data. Figure 6a shows the experimental and simulated (surface plot) profiles 405 
obtained in a biofilm section of a density of 21.20 g VSS·L
-1
 at a liquid flow velocity of 9.88 406 
m·h
-1
(Re 2.8). 407 
Figure 6a reveals the DO distribution through the deactivated biofilm. At the beginning of the 408 
re-aeration phase, the DO concentration inside the biofilm decreased from 2.5 mg DO·L
-1
 at the 409 
biofilm surface to 1 mg·L
-1







 (calculated from the slope of experimental oxygenation profiles) 411 
was observed within the entire biofilm during the monitoring period. At the end of this period, 412 
the oxygenation rate was reduced resulting in a smoother DO profile between the biofilm 413 
surface and the inner parts of the biofilm, where the DO concentration ranged from 4.5 mg·DO 414 
L
-1
 to 4 mg·DO L
-1
 as a result of mass transport resistance. Figure 6a also shows a good fitting 415 
between the experimental and simulated data (NRMSE of 8.43%) providing a reliable 416 
estimation of oxygen effective diffusivity. These coefficients were used to calculate the intrinsic 417 
diffusion within biofilms. To this aim, effective diffusivities were translated to a dimensionless 418 
form (Dr) using the molecular oxygen diffusion (Dw) (Nguyen et al., 2014) as described in 419 
Beyenal and Lewandowski (2000).  420 
Since a reliable mass transport approach depends on the quality of effective diffusivities, the 421 
biofilm heterogeneity effect should be considered. Thus, the effective diffusivity was quantified 422 
considering the influence of both hydrodynamic conditions and biofilm density according to the 423 
impact of the structural heterogeneity in the assessment of internal mass transport mechanisms 424 
within biofilms previously described through biofilm density data (Bishop et al., 1995; De Beer 425 
et al., 1994b; Melo and Frias, 2004) and through hydrodynamic data (De Beer et al., 1996, 426 
1994a; Stoodley et al., 1997).  427 
 428 
3.3.1 Effect of hydrodynamic conditions on effective diffusivity determination 429 
Since the evaluation of hydrodynamic conditions inside biofilms, which are often described as a 430 
static phase, is complex and requires additional and sophisticated equipment (Stoodley et al., 431 
1994), local effective diffusivities were characterized considering the convective contribution 432 
on mass transport within the biofilm. Thus, different hydrodynamic conditions in the liquid 433 
phase were set by changing the liquid velocity. In figure 6b, the effective diffusivities estimated 434 
at different liquid velocities within a biofilm section of 21.20 g VSS·L
-1
, are shown. At Re 435 
below 2.8 the oxygen diffusion decreased from 60% to 40% of its value in water. Estimated 436 






) at Re between 2.8 and 5.6, while 437 
higher effective diffusivities, even close to oxygen diffusion in water were observed at Re above 438 
5.6. The three different behaviors observed were related to the biofilm heterogeneity and mass 439 
transport mechanisms taking place. Stoodley et al. (1997) observed no changes in the local mass 440 
transfer coefficient in the liquid channels at low liquid velocities. In our case we observed that 441 
below 10 m·h
-1
 (Re 2.8) mass transport inside biofilms was controlled by diffusion leading to 442 
lower effective diffusivities. On the other hand, De Beer et al. (1996) found that over a critical 443 
liquid velocity mass transport through the voids became increasingly significant and that 444 
convection within liquid voids and channels enhanced mass transport of substrates through 445 
biofilms. Due to this phenomenon, at Re above 5.6, mass transport in biofilms was driven by 446 
convection with effective diffusivities close to convective coefficients. Between Re 2.8 and 5.6 447 
mass transport was the result of combining convective and diffusive mechanisms and a steady 448 
trend of the effective diffusivity along the velocity range was observed. 449 
3.3.2 Influence of biofilm density on effective diffusivity determination 450 
Biofilm heterogeneity has been commonly considered as the link between biofilm structure and 451 
mass transport rates. In the current work, an increasing of biofilm density from the inlet to the 452 
outlet of the FPB was observed. The density profile between 9 g VSS·L
-1
 and 70 g VSS·L
-1
 453 
(corresponding with biofilm porosities between 0.96 and 0.72) was used to experimentally 454 
correlate effective diffusivity with biofilm density. With this aim, the dynamic oxygenation 455 
procedure was applied at different locations along the reactor, measuring biofilm density at each 456 
monitored point. According to figure 6b, the liquid phase velocity was set at 10 m·h
-1
 (Re 2.8) 457 
in all measurements to ensure that the oxygen effective diffusivity was not influenced by the 458 
liquid flow velocity. Figure 7a shows the effective diffusivities estimated as a function of the 459 
biofilm density. 460 
Results in figure 7a show a linear decrease of the effective diffusivity from the 80% to the 32% 461 
when the biofilm density increased from 9 to 33 g VSS·L
-1
. Results also showed that mass 462 
transport was strongly limited within biofilms of densities above 50 g VSS·L
-1
 with estimated 463 
diffusion rates about the 5% of their value in water. This trend is explained because a higher 464 
biofilm density resulted in a decrease of biofilm porosity and, thus, less open volume was 465 
available for the diffusion of oxygen through the biofilm. 466 
Several works have developed diffusion models considering the influence of biofilm 467 
heterogeneity, commonly addressed from a structural parameter. These models are shown in 468 
detail in section S4 of Supplementary Material. However, authors warned about reliability 469 
problems, limiting the use of these correlations in different experimental systems. In the current 470 
work, a comprehensive analysis of diffusion models was performed comparing the results found 471 
herein with the most relevant diffusion correlations (figure 7a). Correlations tested were adapted 472 
to estimate the dimensionless effective diffusivity from biofilm density. Experimental results 473 
were in agreement with most of the theoretical and experimental correlations found in literature 474 
(Beyenal et al., 1997; Fan et al., 1990; Hinson and Kocher, 1996; Horn and Morgenroth, 2006; 475 
Zhang and Bishop, 1994) at biofilm densities below 40 g VSS·L
-1
. However, in denser biofilms 476 
only experimental correlations (Horn and Morgenroth, 2006) showed diffusivities close to those 477 
experimentally estimated herein. Theoretical correlations predicted a slower decrease of 478 
effective diffusivity when biofilm density increases, showing relative effective diffusivities 479 
about 0.2 within biofilms denser than 100 g VSS·L
-1
. 480 
The largest deviations were observed with respect to the Zhang and Bishop (1994) equation, 481 
constructed from a porous catalyst model considering biofilms as a porous matrix within of 482 
which diffusion drives mass transport; and also with respect to the Beyenal et al. (1997) 483 
equation, developed by extrapolating estimated diffusivities from flocculent biomass densities 484 
between 40 g VSS·L
-1
 and 100 g VSS·L
-1
 to the entire biomass density range. Similarly, the Fan 485 
et al. (1990) equation overestimated the experimentally observed diffusivities. Such behavior 486 
was explained because this correlation was developed considering effective diffusivities 487 
estimated within biomass flocs in the higher density range. Therefore, this correlation showed 488 
some reliability problems describing biofilms internal mass transport. The Hinson and Kocher 489 
(1996) equation showed the same trend observed in the results of the Fan model since the 490 
former model was developed correcting the Fan correlation with experimental results in 491 
biofilms of densities below 60 g VSS·L
-1
. On the other hand, the Horn and Morgenroth (2006) 492 
equation, that was developed from experimental effective diffusivity estimates within biofilms, 493 
fitted well the experimental results both for high and low biofilm densities. The largest 494 
differences were observed at lower densities, where the correlation overestimated the biofilm 495 
effective diffusivity with values even higher than in water. As explained by the authors, this 496 
deviation was caused by the large scatter of data used in the development of their correlation.  497 
The above comparison of results of experimental diffusivities and diffusivities predicted by 498 
correlations highlighted the difficulty of using correlations to describe mass transport in a 499 
different system. Therefore, extrapolation and usage of literature data should be made carefully. 500 
Results presented herein showed that development of internal mass transport correlations from a 501 
thorough experimental study performed on the modeled system is recommended. For this 502 
reason, the methodology developed herein to quantify effective diffusivity could be a powerful 503 
tool since allows an easy characterization under a wide range of conditions. 504 
3.3.3 Proposed empirical correlation for biofilm effective diffusivity 505 
Experimental data and estimated effective diffusivity obtained using the methodology based on 506 
dynamic dissolved oxygen profiles assessed under a wide range of conditions was used to 507 
propose an experimental correlation for the effective diffusivity, depicted in figure 7b. 508 
Considering that the oxygen diffusion within biofilms showed a clear dependence on the biofilm 509 
density and the hydrodynamic conditions, a simple diffusion model was developed correlating 510 
experimental results presented in figure 6b and figure 7a. Experimental data was fitted using 511 
Minitab software with a general multi-variable model. The resulting correlation, equation (8), 512 
allowed the calculation of the dimensionless effective diffusivity as a function of the biofilm 513 
density and the Re in the open channel. 514 
 515 
2422 101.1Re1017.1023.093.0 bbr XXD 
  (8) 516 
Where Dr is the dimensionless effective diffusivity, Xb is the biofilm density (g VSS·L
-1
) and Re 517 
is the Reynolds number in the open channel. The good agreement, observed in figure 7b 518 
between the surface of effective diffusivities predicted by equation (8) and the experimentally 519 
estimated effective diffusivities was confirmed by the correlation factor (0.949).  520 
4. Conclusions 521 
Microsensors measurements and the use of a dynamic monitoring of DO through the re-aeration 522 
method have proven to be an excellent tool for internal and external mass transport 523 
characterization. To the best of our knowledge this is the first time that both mass transport 524 
mechanisms have been completely characterized using microsensors and the re-aireation 525 
method. In addition, an OED improves the accuracy on the estimation of mass transport 526 
parameters. Results obtained within heterotrophic biofilms have confirmed that, due to surface 527 
roughness influence, the Blasius solution is not suitable for fluid-biofilm mass transfer 528 
description. Regarding to internal mass transport, results obtained suggested that this 529 
phenomenon is driven by a combination of convective and diffusive mechanisms. For this 530 
reason, it is recommended to use diffusion models considering both hydrodynamic conditions 531 
and biofilm density. On the other hand, the comparison of experimental results with mass 532 
transport correlations highlighted the need of experimental measurements to describe mass 533 
transport in biofilms rather than the available correlations. Overall, this research shows the 534 
benefit of using microsensor-based measurements to provide high-quality information for 535 
external and internal mass transport resistances characterization within biofilms, which is 536 
essential to improve the performance of biofilm-based reactors. In addition, results obtained 537 
using these methodologies provided fundamental background clarifying mass transport 538 
mechanisms involved in biofilms systems. 539 
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